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Thw:primary purpose of this R&L effort was to verify the applimbility of microwave
surisce:guidy theory as a methed of helicopter rotor blade ice protection, and to
estiimiats: the performance characteristics and penalties imposed by the system to provide
a-%0und .basie for further developmant or abandonment of the concept. Primary con-
cepmal concerns ware: accuracy of analytical prediction techniques for surface wave
guide . performance, system complexity and weight, and detectability of the microwave
energy during use of the ice protection system. Also of significance in determining

featibility for further dcvelopment are features such as system cost, relisbility, main-

tainability, electrical power requirements, and aircraft performance penalties. This
effort has confirmed the applicabllity of surface wave guide theory and has produced
estimates of microwave rotor blade ice protection features.

This Directorate concurs in the findings presesited in this report and recommends use

of the information contained herein for further A&D planning purposes. The informa-
tion.contained hersin should not be used for production design purposes since complete
test verification has not been accomplished and zbsolute confidence of estimated
characteristics does not exist. Continued investigations are needed to gain further
knowledge regsrding methodology of concept implementatior: for use as an ice protection
Gevice Tor heliconter votor blades, to demonstrate full-scale system function, and to

‘refine the estimated design features.

The Project Engineer for this sffort was Mr. Richard i. Adams of the Systems Support
Division.

DISCLAIMERS

The findings in this report are not to be construed 23 an official Depertment of the Army position unless so
designated by other suthorized documents.

‘When Government trawings, specifications, or other data are wsed for any purposte other than in connection
with 3 delinitely related Government procurement aperotion, the United States Government thereby incurs no
responsibilily nor sny obiigation whatsoever; and the fact that the Government may have forraulated, furnished,
or in any way wpplied the said drawings, spacifications, or other dats is not to be regarded by implicamn or
otherwise as in sny menner licensing the hoider or any other person or corporstion, or conveying any rights or
permission, to rmm:foctm, usa, or sell any pstented inver:tion that may in any way be related thereto.

Trade names cited in thh -eport do not constituts sn official endorsement or approval of the use of such
commercial herdwere or softwere.

DISZOSITION INSTRUCTIONS

Destroy this seport when no fonger nesied. Do not retum it to tha criginator.
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PREFACE

This report presents tne findings of an investigation
of the microwave ice protect‘on concept for helicopter
rotor blades performed by Mrchanics Research, Inc., Elec-
tronic Systems Division, urder Ce¢ntract No. DAAJO2-76-C-
0052 for the Eustis Directorate, U.S. Army Air Mobility
Research and Development _aboratory (USAAMRDL),” Fort Eustis,
Viriginia. The technica” monitor of the project for
USAAMRDL was Mr. R. I. Nidams. The Mechanics Research, Irc.
program was under the dirgction of Mr. B. Magenheim,
Project Manager. Personnel contributing to the program
included Mr. K. Atkins.

4

*On 1 September 1977, the Eustis Directorate, U.S. Army Air Mobility Research and
Development Labrratory was redesignated Applied Technology Laboratory, U:S. Army
Research and Tec/hnology Laboratories (AYRADCO
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SUHMMARY

The purpose of this program was to demonstrate
the microwave ice protection concept for helicopter rotor
blades and to estiimate the characteristics and penalties
of the concept. The work performed was based on the
Feasibility Analysis (Reference 1) performed previously
for the Eustis Directorate.

Ice Shed Tests

Scale model microwave deicers successfully shed
ice samples at blade surface temperature of -20°C.

Scale model tests run at 2.45 GHz and scaled to
22 GHz indicate a significant improvement in performance
at 22 GHz for the same amount of power used at 2.45 GHz,
due primarily to the higher power concentration that can
be achieved in the ice layer at the higher frequency.

Verification of Analytical Techniques

Analytical techniques for predicting surface
wavequide deicer performance have been verified experi-
mentally and can be reliably used to predict surface wave-
guide performance at any frequency.

Launch Efficiency

Launch efficiencies bhetween 50% and 70% were
obtained. The goal of this program was to achieve a suf-
ficient launch efficiency to demonstrate deicer perform-

ance, rnot to optimize taunchers. Data indicates that .
launch efficiencies in excess of 99% are achievable.
1

¥agenheim, Bertram and Hains, Frank, Feasibility Analysis
for a Microwave Deicer for Helicopter R-tor Blades,
Mechanics Resa2arch Inc., USAAMRDL-TR-76-~38, Eustis
Directerate, U.S. Army Air Mobility Research and Develop-
ment Laboratory, Fort Eustis, Virginia, May 1977.
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Dielectric Properties of Rotor Ice

A technique for measuring the dielectric loss
properties of rotor ice was established and used to measure
s the loss tangents of the various ice samples used in the
ice shed tests.

Cost, Weight and Power

E: : Preliminary cost, weight and power estimated for
B | UH-1, AH-1, CH-47, OH-58, UTTAS, AAH and ASH helicopters

;t were made and are presented in Section 8. Costs range from
approximately $9.3K for the UH-1 to $26K for the CH-47.

Ve A

Reliability and Maintainability

The mean time between unscheduled maintainance
(MTBUM) for a microwave deicer boot composed of ultrahigh
molecular weight polyethelene (UHMWPE) out to 70% span and
UHMWPE covered with a 25-mil polyurethane erosion coat for
the remainder of the span was shown not to deteriorate the
MTBUM obtainable with a polyurethane erosion shield naver
the full span of the blade.
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Passive Countermeasures

It is shown in section 6 that the vulnerability
of Army helicopters due to the possible detection of mi:ro-
wave deicer leakage radiation is negligable.
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Ice Detection

LA iH ﬂ‘u‘.".‘_.‘“'

Techniques have been identified tha’. can be used
to detect the presence of jice and measure its thickness
and accretion rate. One technique is inherent in the de-
icer and consists of monitoring signals returning from
the deicer boot. Other techniques would utilize saparate
and independent devices that are nonmechanical having
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no moving parts and conform to the contour of the surface
being monitored. The readout is essentially instantaneous,
giving ice presence, ice thickness and ice accretion rate
as a function of time. The devices are small, lightweight
and rugged so that they can be placed almost anywhere on
the skin of the 2ircraft, including the rotor blade and

in the engine inlet ducts.
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SECTION 1
STATIC ICE SHED TESTS

PHYSICAL REMOVAL OF ICE BY MICROWAVE DEICERS

The physical removal of laboratory-grown ice from
test articles equipped with experimental microwave ice pro-
tection devices was performed under various ambient temp-
eratures and with various ice densities and compusitions.

Test data are summarized in Figure 1, represent-
ing data from 70 tests at an ambient temperature of -20
degrees centigrade. Complete %test data are given in
Appendix A. Experiments were performed on scale model
surface waveguides propagating the Transverse Electric
(TE) ana Transverse Magnetic (TM) modes,*designed for
operation at a frequency of 2.45 GHz, These models repre-

sent scaled up versions of models for operation at 5.85 and
2z GHz.

Ice samples were approximately 3 inches in length
and had a weight coupled mechanically to simulate the cen-
trigugal force erncountered by a 3-inch element of ice at
approximately 100 inches from the rotor hub as shown in
Figure 9. The wave launched into the surface waveguide
first passed through the ice sample, which extracted a
small fraction of the energy from the passing wave, suff-
icient to cause it to shed. Then, the energy remaining
in the wave continued down the surface waveguide to be
dissipated in the electrical load terminating it and sim-
ulating the remaining ice on the rotor blade. The amount
of power extracted by the ice sample is dependent upon loss-
iness or the median loss tangent of the ice (tan 6).

*Modes are defined in Appendix A Reference 1

13
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DISCUSSION OF

s vere performed on ice of the following
hich may be considered to encompass the full
to be expected in natural icing.

Salt water ice, 0.6% concentration,
density 0.9 gm/cm3

Salt water ice, 0.3% concentration,
density 0.9 gm/cm3

Salt water ice, 0.15% concentration,
density 0.9 gm/cm/3

Tap water ice, density 0.9 gm/cm3
Tap water ice, denyv'*y 0.75 gm/cm3
Distilled water ice, density 0.9 gni/cm3
Distilled water ice, density 0.75 gm/cm’
CRREf snow, d=2nsity 0.35 gm/cm3

*
CRREL snow, density 0.25 gm/cm3

ICE SHED DATA

The
ice elements f
deicers. The
hyperbolic sha
the data, of t

where: t =

data of Figure 1 demonstrate the shedding of
rom 2.45 GHz scale model surface waveguide
first and most cbvious trend noted is the

pe of the shed-time curves, that were fit to
he form:

= ke (1)
Shed time (sec)
Power in the surface wave, (watts)

Energy, (watt-sec)

*Cold Regions

Research and Engineering Laboratcry (CRREL)

15
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High-loss ice samples, such as that with 0.6% salt, shed
rapidly; whereas low-loss samplées, such as distilled water
ice, took longer and required more power to shed. The shed
time of the low-loss ice was reduced considerably by the
use of a lossier third layer (Fiqgure 6): such as a poly-
urethane erosion strip. Values of ke for different ice
samples are presented in Table 1.

The power in the surface wave, Pgs is much larger
than the power dissipated in the ice sample; most of the
energy in the wave passes through the ice and is dissipated
in the load terminating the guide (as evidenced by the
sharp rise in temperature of the termination). The energy
that must be dissipated in the ice sample to cause it to
shed is determined from:

= ch —
Pats = 0.2389° s (2)
where: Pg = Power dissipated in the ice sample (watts)
tg = Shed time (sec)
m = Mass of ice sample (gms)
¢ = Specific heat of ice

AT = Temperature rise required to shed (°C)
k. = Energy required to shed (watt-sec)
The ratio of Equation 1 to Equation 2 establishes the ratio

of the power in the surface wave, Pgs to the power dissipat-
ed in the ice sample, P> since the shed times cancel.

pdts = mcATJ
pstS ke (0.2389)

16
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pd = mMCAY

p, k_(0.2389) (3)
where: 0.2389 is the factor required to convert mcaT in

calories to watt-sec. Values of pd/pS computed from Equat-
ion 3 are presented in Table 1.

Knowing the power lost in the ice sample and the
power input, the attenuation constant, «, in db/in can be
computed and is presented in Table 1 for each of the ice
sample types used in the cest.

Extension of Shed Data to 22 GHz

Figures 2 and 3 show curves of the theoretically
computed attenuation constant for the TE] mode as a function
of ice thickness for operating frequencies of 2.45 and
22 GHz respectively. Computations are based upon techniques
presented in Appendix A of Reference 1 which are well rec-
ognized techniques for computation of the attenuation
constant of waveguides as substantiated by the experimental
work of Cohn, Reference 2 and 3, King and Schlesinger
Reference 4 and 5 and the standard textbooks - Ramo and

2 M. Cohn, "Propagation in Dielectric-Loaded Parallel
Plane Waveguide," IRE Transactions on Microwave Theory
and Techniques, pp. 202-208, April 1959.

3 M. Cohn, "TE Modes of Dielectric Loaded Trough Line,"
IRE Transactions on Microwave Theory and Techniques,
pp. 449-454, July 1960

4 D.D. King and S.P. Schlesinger, "Losses in Dielectric

Image Lines," IRE Transactions on Microwave Theory and
Techniques, January 1957.
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TABLE 1. MEASURED AND SCALED SHED PERFORMANCE 1ATA
2.45 GHz FROM {FROM 22 GHz
MEASURED FIGURE[TABLE SCALED
DATA 2 2 DATA
B k l"d”’s a | tans| tans| k/ lpd/Ps a
§ DESCRIPTION wati- \;ae‘l:.t-
> sec - jd¥/in] - - - MWb/in
» x103 / x10° /
TE, MODE
. 0.6% SALT ICE 7 | .094] .1a3} .15 | .095[0.663] .995| 7.8
2 LAYER MODEL .
MODE
] 0.6% SALT ICE 18.9] .035| .051| MNA NA NA NA AN
2 LAYER MODEL
TE, WODE
(o] DISTILLED ICE 162.5| .004)% .00594 .004} .007[3.25 | .203] .32
2 LAYER MODEL
TEﬂl)[! ZJ
fa TAP ICE 74.3] .009] .01 .013] .01511.525| .4C61 .75
2 LAYER MODEL
TE, MOOE
® DISTILLED ICE - 3 LAYERS 36 | .018] .67l .005) NA | .325] .799) 2.3
POLYURETHANE EROSION STRIP
TE, MODE
0} TAF ICE - 3 LAYERS 10 | .o66| .08 .10 | NA | .575} .977| 5.4
MYLAR RESISTIVE STRIP
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Whinnery Reference 7 and R. Collin Reference 6. The att-
enuation constants that were measured at a frequency of
2.45 GHz for the various ice samples are plctted on

Figure 2. The loss tangents for each ice sample can be
read off of Figure 2 and are presented in Table 1. (This
method of establishing tan § yields measurements that agree
with measurements made separately in Section 4, which are
also presented in Table 1). Using these values of tan §
and ice samples of the same thicknesses as those used in
the 2.45 GHz tests, points on Figure 3 for 22 GHz can be
plotted which correspcnd tr the points plotted in Figure 2
tor 2.45 GHz, permitting the attenuation constant «, pd/pS
and ke to be determined at 22 GHz (these are denoted by
al, Pg"/py' and ke'). Having determined ke' the curves of
shed time versus surface wave power, ps' ts'cmmbe
established fer 22 GHz and are plotted in Figure 4.

Figure 4 snows a significant reduction in shed time at

22 GHz for the same surface wave power and ice samples.
This reduction in shed time obviates the need for three
layer models to enhance lossiness. Three-layer models

may stiil be required, however, to improve sand and rain
erosion.

5 S.P. Schlesinger and D.D. King, "Dielectric Image
Lines," IRE Transactions on Microwave Theory and
Techniaues, July 1958.

6 R. Collin, Field Theory of Guided Waves, New York:
McGraw-Hil1l, 1960.

7 Ramo, Whinnery and Van Duzer, Fields and Waves in
Communications Electronics, New York: John Wiley &
Sons, 1965.

21




g LI 18
¥ R

B3

A S SO

¢,
5 ZH9 22 0,02~ = “] “DARM 99RJUNS U] UDMOJ SNSUBA swL] payS “p aunbLy ,
& i
935 3KIL G3RS m
m 8t 9] vy 24 0l g 9 ¥ 2 0
M T T 1 T 1 T T T t T 1 L 1 1 i H 1 T p
B *~r— ey i
W 4/!//4 00t M
A
P — !
K- -1002 3
.~ ]
W -{00¢ j
5 3 ,“
ke L !
w SV 2 | = :
5 391 Y3LVM Q3TTLLSIC 306W 31O doos = w
Pl < o~ |
; 3 & |
m_. <4009 = M
. =
; CELAAN Z i
i3 301 ¥3LVM dVl 330W 'LV Joor :
%' -3
oo i
i dI¥LS NOISOY3 = W
iz INVHLIANA 104 ¥3WVT € Joos T i
301 ¥3LYM 031111S10 3004 ‘3L @ ,
% ¥
{
Y dI¥LS JALLSISIY - ¥IAVT € 482 ;
R 301 ¥31VN J3111LSIC 300K ‘310 i
F A ¥3AV1 2 301 1S %9°0 300w 'ae oot !
£y i
3 y
% oozt i
3 §
t .m




At 22 GHz, improved performance is obtained primarily by
che higher concentration of energy that can be achieved in the ice
layer and the consequently higher attenuation constant. A comparison
of TE1 mode power density at 2.45 GHz (where all data was taken)
with that at 22 GHz is presented in Figure 5 for the same incident
power and the same ice layer. The area under each curve represents
the incident power (power launched into wave guide) and is the same
for all curves. Ficure 5 illustrates that the power density Ly in
the ice layer at 22 GHz is approximately nine times that achieved

at 2.45 GHz. This is the reason for the order of magnitude increase
in the attenuation constants illustrated by Figures 2 and 3.

Figure 5 alsc illustrates the rapid increase in power density as

& function of ice thickness ard the migraticn of the peak power
density into the ice layer. This shows up as a rapid increase of
the attenuction constant as a function of ice thickness illustrated
in Figure 3.

MULTILAYER MODEL SURFACE WAVEGUIDE

Static ice shed tests were run un a variety of two-layer
and three-layer surface waveguide models These modei types are
shown in Figure 6. (Tests 50 to 59, 78 to 112 and 127 to 149 are
three-layer tests, remaining tests were all two-layer.) The third
layer was introduced to provide enhanced sand and rain erosion
resistance and increased lossiness to .peed up the shedding of low-
loss ice. It is visualized that surface waveguide deicers or
anti-icers may be constructed from two or threes layers or combinations
thereof.

Tests were performed on two types of lossy third layers:
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1) Polyurethane erosion strips, 0.025-in. thick,
which also show promise of high sand and
rain erosion resistance.

2) Resistive-strip loss layers whose loss
characteristics could be readily adjusted
for experimental purposes to establish the
effect: of the variable Toss on ice shed
characteristics, these strips would be em-
bedded below dielectric erosion strips for
protection from sand and rain erosion.

Polyurethane Third Layers Tests

Test on three-layer surface waveguide models using
0.025-in. polyurethane erosicn strips were conducted, (tests 140
to 149, Appendix A), the results of these tests are summarized in
Figure 1 at -?"°C, illustrating shed time as a function of surface
wave power for distilled water ice. The poiyurethane erosion strips
came with their own adhesive. However, the adhesive proved tc be
far more lossy at 2.45 GHz than the polyurethane itself and began
to melt during the initial tests (tests 140 to 143, Appcnaix A),
The data of Figure 1 for polyurethanz ercsion strips were obtained
with the adhesive removed and the polyurethane taped in place
(tests 144 and 149). Thus for microwave ‘leicer service, a
low-10ss adhesive must be used or the nolyurethane erosion coat
must be applied as a 1iquid or a paint.

Varjable-Resistivity Third Layer Tests

Third layer tests were run utilizing strips of variable
resistivity. Variable resistivity strips, when used under a
thin, low-loss erosion strip, can be used to control the surface
guide's attenuation constant, offering the nossibility of tailoring
the attenuation constant to any desirable value. These strips are

26
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available commercially in a wide variety of standard resistivities,
rznging from 25 ohms per square to 1000 ohms per square. Each
consists of a vapor-deposited, molecular-thin pure-metal film

on a 5-mil MYLAR (Polyethylene) or Kapton substrate. The metal
film can be deposited directly underneath a polyethylene or
polyurythane erosion strip to control the attenuatior constant of
the deicer as a function of blade radius.

Tests 127 to 139 were performed utilizing 300-chm-per-
square mylar strips in which attenuation constants 0.08 to 0.07
db/inch were obtained. These tapes were held in place by ten-mil
low-loss tape aud the ice samples on top. Exceptionally clean and
rapid ice shedding (tests 127 to 139, Appendix A) were obtained
and results were summarized in Figure 1, where they are compared
to the polyurythane shedding tests.

COMPARISON OF THE SHEDDING EFFECTIVENESS OF THE TE] AND THE My MODES

Figure 1 shows shed time data for the TE] and the TM0
medes (for identical 0.6% salt samples) that shows that the TE1 mode
is more effective since it takes less time to shed for the same
incident power. These data further support theoretical predictions
of shedding effectiveness based upon the calculated values of the
attenuation constants for the TE] and the TMO modes. The TE] mode
attenuation is always larger than tha TM0 mode, as illustrated in
Figure 7.

The TMQ mode is of practical interest, however,
E since it allaws use of thinner surface waveguides than will
the TE2 mode at the same operating frequencizs. Even thougn
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the TE] mode is more effective, the TM0 mode still pro-
duces clean shedding, and in situations where waveguide

thickness becomes the limiting consideration, the TM0 mode

might be considered for deicing purposes.

SHEDDING TIME AS A FUNCTION OF TEMPERATURE

While helicopter specifications require deicer
performance down to an ambient temperature of -20°C the

aerriyanmic heating of the blade will cause its temperature

to be higher.

Shed data illustrated in Figure 1 was taken at
blade temperatures between -17°C and -20°C. The effects
of increased blade temperature due to aerodynamic heating

or any other reason are illustrated in Figure 8, which was

plotted from data obtained in tests 78 to 112, Appendix A.
As shown, shed time is drastically reduced for the same
incident power as the ambient temperature is increased,

or alternately, tne power required is reduced for the

same shed time.

EXPERIMENTAL PROCEDURES

Figure 9 is a schematic of the setup for per-
forming the ice shed tests. Figure 9 also shows the ice
loading to simulate various centrifugal force fields. It
became clear early in the tests that this method of sim-
ulating the centrifugal force field was only satisfactory
for small ice elements, not exceeding abocut 3 inches in
length and 2 inches in width. This limited most of the
tests to samples not exceeding 3 inches.

When longer samples were used, those portions of
the ice closest to the wave launcher (which are the first
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f to be subjected to microwave heating and the first to be
elevated to the shed temperature) were not removed from the
surface waveguide by the simulated centrifugal load because
this load was held in place by ice elements further down
the waveguide that had not yet reached their shed temper-
ature, thus preventirg the shed force from traveling t»
the early elements of ice. This obviously is a poor
simulation of conditions on a real rotor blade where all
elements of the ice are simultaneously subjected to the
centrifugal shear force.

Two types of microwave loads were used to term-
inate the surface waveguide: a totally reflecting plate
and a reflectionless load. The force from the ice lecading
mechanism was transferred to the ice sampie through the
microwave termination (which was free to slide) and a
dielectric pusher placed between the termination and the
ice sample, as shown in Figure 9. The dielectric pusher,
having approximately the same thickness and dielectric
properties as thzs ice sample, is also a simulation of an
additional length of the ice. The reflectionless load was
replaced in some tests by the totally reflecting plate,
which reflects essentially all energy, giving the wave an
opportunity to make two passes through the ice sample.
Under these conditions, the only thing supporting the
weight of the loading mechanism was the adhesion strength
of the bond between the ice and the surface waveguide. When
this bond is broken by microwave energy the weight is free
to fail, indicating that the ice has shed. The shed time
was then measured as the time between the application of
microwave energy 2nd the instant thet the weight fell.
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The weight simulating the centrifugal force .
field was adjusted tc be equivalent to that encountered ?
by a similar ice sample at approximately 100 inches from |
the rotor hub. The simulated centrifugal forces used are '
tabulated in Appendix A.

The low power reflectioniess load used for all
Tow power tests consisted of a long taper (10-inches) of :
very lossy dielectric material which was placed on top cf
the surface waveguide and absorbed all incident microwave
power in the surface wave, converting it to heat. For
high power shed tests a water load was coastructed which
consisted of a long (10-inch) tapered block of low-loss
polyethelene into which was drilled two intersecting round
channels forming a long V, with the point of the V facing
in the direction of the incident surface wave. Tap water
was allowed to flow continuously through the V shaped
channel absorbing most of the microwave energy in the
surface wave, convarting it to heat which was then carried
off by the water flow.
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SECTION 2
VERIFICATION OF SURFACE WAVEGUIDE THEORY

The theery of surface waveguide:z for use in micro-
wave ice protection and significant parameters describing
their performance were presented in the feasibility analy-
sis. Reference 1. The performance parameters are listed
below:

1. Guide Wavelenrgth Ag
2. Phase Constant B8
3. Attenuation Constant a
4, External Eigenvalue Kx
5. Internal Eigenvalue kx

Techniques for their prediction and measurement, given the
surtace waveguide dimensions and the operating frequency,
were established in the feasibility analysis, Reference 1,
Appendix A. In the present program, these parameters were
measured and compared to theoretical values, for the pur-
pose of verifying the theory. A summary of all m%e 5, v 2d and
theoretical values uf the parameters iisted above agppear in

Figures 10 through 17. These data clearly verify theore-
tical values.

The significance of these comparisonc is that
surface waves, propagating in either the TE] o the TM0
mode, behave essentially in the manner predicted in the
feasibility analysis and that surface waves can be guided
by dielectric materials such as ultra high molecular weight
polyethelene (UHMWPE), that have beer demonstrated to also
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offer high resistances to sand and rain erosion (Reference

8). It has been demonstrated that microwave energy exists
l in the air region immediately adjacent to the rotor blade
and in the dielectric coating (surface waveguide) lining
the blade, in a wave that propagates along the length of
the blade. The power density being carried by the wave,
as a function of distance above the blade, is numerically
established by substituting the internal and external
eignvalues, kx and Ky (Figures 12 to 15), into equations
A-72,74-88 and 90 of Reference 1. From this it can be seen
that power density in the air region decays exponentially
with distance from the surface.

EXPERIMENTAL PROCEDURES

Experiments were carried out on six scale-model
surface waveguides in the 2- to 4-GHz band. Three of the
modals of varying thicknesses were used to verify the per-
formance c¢f the TE] mode (Figure 18), while the remaining
three were used to verify performance of the TMo mode
(Figure 19). After verification of the theory, these same
models were used in the static ice shed tests discussed
in Section 1. The theory presented in Reference 1, can be
used to predict surface waveguide performance at any fre-
quency; however, three frequencies were identified in
Reference 1 for use in microwave ice protection. These are
2.45 GHz, 5.85 GHz, and 22.125 GHz. Measurements in this
program were carried out in the 2 to 4 GHz bands. While

8 Head, Robert E., Erosion Protection for the AH-1G Low Radar
i Cross-Section Main Rotor Blade, Volume I - Sand Rain

Erosion Evaluation, Hughes Helicopters, USAAMRGL-TR-76-40A,
Eustis Directorate, ¥4.S. Army Air Mobility Research and
Development Laboratory, Fort Eustis, Virginia, January 1977,
AD A035961.
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the experimental surface wavequides are dimensioned for
operation and measurement in the 2 to 4 GHz band, they also
represent scale models for the same devices at 5.85 and
22.125 GHz, scaled in proportion to wavelength using the
following scaling equations:

'
4.4 "
where: d = Physical dimension of test article on which
measurements are performed
A = Measurement wavelength
d' = Design dimension
A' = Design wavelength

Equation 4 may be written for convenience as

d__ A _f (5)
av AT

where: f = Measurement frequency
f' = Design frequency

Using these equations the following dimensional ratios were
estabiished:

Measurement Frequency 2450 2450 2450

MHz

Design Frequency 2450 585C 22,125
MHz

Scaling Ratio §, = 1.00 2.388 9.031

This means that a 1-inch dimension at 2.45 GHz is equivalent
to a (0.418) -inch dimension at 5.85 GHz and (0.1711 -inch
dimension at 22.125 GHz, (in any direction).

46




LS.

S

Thus, the actual test articies, operated at 2.45 GHz,
appear much thicker than their true size at the design
frequency.

Equivalent thicknesses at the scaled frequencies
are given below:

EQUIVALENT SURFACE WAVEGUIDE
THICKNESSES FOR THE TMO MODE WITH

MEASUREMENTS PERFORMED AT 2.45 GHz

EQUIVALENT
THICKNESS AT THICKNESS AT
MEASUREMENT DESIGH
FREQUENCY FREQUENCY
2.45 GHz 5.85 GHz
{in.) (in.)
0.1 0.041
0.2 0.0837
0.4 0.1670
0.8 0.335
1.0 0.418

EQUIVALENT
THICKNESS AT
DESIGN
FREQUENCY
22.125 GHz

(in.)

0.0111
0.0221
0.0442
0.0886
0.1110

The TE] mode must have a minimum thickness surface guide

to permit propagation.

This cutoff thickness is established

from Equation 6 and is further explained in Appendix A,
Reference 1.

fc = Nc
Z(Zd)/-é'l“E

fc = cutoff frequency

where: N =0,2.4,6,...
N =1,3,5,7,...

for even modes

for odd modes

47
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&
&
iy
g§g§§’e] = Relative dielectric constant of surface
&7 guide - 2.2 for UHMWPE
4‘? €y = 1 = Relative dieleccric constant of air
& &
4§’ﬁ* d = Thickness of surface guide
N4 ¢ = Speed of light = 2.9979 x 10'% cm_
o sec

Surface guides of various thicknesses were fab-
ricated for the TE] mode. Equivalent thicknesses at the
scaled frequencies are given below.

EQUIVALENT SURFACE WAVEGUIDE
THICKNESSES FOR THE TE.l MODE WITH

MEASUREMENTS PERFORMED AT 2.45 GHz €y = ¢ 2 (UHMWPE)

EQUIVALENT EQUIVALENT
THICKNESS AT THICKNESS AT THICKNESS AT
MEASUREMENT DESIGN DESIGN
FREQUENCY FREQUENCY FREQUENCY
2.45 GHz 5.85 GHz 22.125 GHz
inches inches inches
* * *
1.099 .4605 1217
1.100 .4606 122
1.200 .503 133
1.400 .586 155
1.600 .670 177
2.000 .8375 2214

*cutoff thickness

T dmelend
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A schematic of the experimental setup used for meas-
uring surface waveguide performance is shown in Figure 20. Photo-
graphs of the test set up are presented in Figures 21 and 22.

The x-z positioning mechanism (Figure 20) was specially
designed and fabricated for this program. If permitted probing the
electric field intensity in the air region immediately adjacent to
the surface waveguide. It is used to measure all significant per-
formance parameters required.

The test equipment was all commercially available equipment
capable of operating in the 2-to 4-GHz band.

Measurement of External Eigenvalue, Kx

Eigenvalucs were measured by the technique outlined in Reference
1, Appendix D, Figure D-2. The electric field intensity was measured
as a function of distance x above the surface waveguide with the x-z
positioning mechanism and probe. Graphs of these measurements in
decibels relative to the intensity value near the surface are shown in
Figures 16 and 17 for the TE] and the TM0 modes respectively. These
graphs should be straight 1lines (indicating exponential decay), the
slopes of which are the desired eigenvalues.

For the TE] mode attenuation is linear with only a minor
periodic error as shown in Figure 17. The TMO mode produces a much
larger periodic eryor from a straight 1ine, but nevertheless, the
Tinear trend is evident as shown in Figure 16. The periodic errors
are due to interference patterns created between cthe desired mode and
the undesired radiat;on component of the wave launcher. The external
fields of the TMO mode are weaker than the corresponding fields for the
TEl mcde so that the unwanted interferring field has a relatively
larger effect. Models uszed irn the measurements were only 30 irches
Tong. Consequent!,, measurement could only be made in the vicinity of
the launcher. The interferring effects of the radiated components will
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! decrease if longer models are used.

)

; The straight lines of Figures 16 and 17 were established '
i using the iinear least-square method of approximation and were i:sed

i

to determine the external eigenvalues (Kx)”

The external eigenvalues were also determined indirectly
by computing them from measured values of guiae wavelength (Ag).
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SECTION 3
WAVE LAUNCHERS

The goal of this effort was to achieve wave iauncher
(coupling) efficiency necessary to demonstrate the microcwave ice-
protection concept. Coupling efficiencies as low as 25% wouid have
peen sufficient for this purpose. During this effort peak coupling
efficiency was measured to be 68%, as illustrated in Figures 23 and 24.

Coupling techniques were studied in detail during the
feasibility analysis. Two techniques emerged which appeared particu-
larly attractive because of their simplicity and high coupling effi-
ciency. These are the methods of Cohn, Reference 9, for the TE] mode
and DuHamel and Duncan, Reference 10, for the TMO mode.

The design of the breadboard medel TE] mode coupler is based
upon experiments performed by Cohn, Reference 9, and js illustrated in
Figure 18. The breadboard TMO mode launcher is based upon experiments
performed by DuHamel and Duncan, Reference 10, and is illustrated in
Figure 19, No attempt was -ade to optimize the coupling efficiency in
this program; hcwever, the relative ease in cbtaining high coupling
efficiency without a major effort lends confidence to the ability to
design couplers with efficiencies in excess of 90%, as claimed by Cohn
for the TE] mode.

If the measured data is plotted on Cohns theoretical coupling
curves, Figure 25, it can be seen that while the shape of the curve is
roughly in agreement with theory the magnitude of peak coupling falls
short of maximum coupling.

9 Cohn, Cassedy and Kott, "TE Mode Excitation on Dielectric Loaded
Parallel Plane and Trough Waveguides," IRE Transactions on Micro-
wave Theory and Techniques, pp. 545-552, September 1960.

]ODuHame], R.H. and Duncan, J.W., "Launcning Efficiency of HWires and
Slots for a Dielectric Rod Waveguide," IRE Transactions of Microwave
Theory and Techniques, July 1958.
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UNI-LIRECTIONAL COUPLING EFFICIENCY %(n)
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Figure 23. Coupling Performance
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COUPLING EFFICIENCY (%)
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Figure 24. Coupling Efficiency Versus Frequency, TMo Mode
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Five coupling techniques were identified in Reference 1,
from which only the two described here were tried in this program.
Other promising techniques, such as that of Reference 11, can be used
to couple to the surface waveguide from underneath the dielectric
without disturbing the critical surfaces of the rotor. The technique
of Reference 11 could be used to launch the surface wave from the tip or
any intermediate point along the blade and could simplify the possi-
bility of zoning the rotor blade in a manner similar tc conventional
electro-thermal devices, should this prove necessary.

MCASUREMENT OF THE COUPLING EFFICIENCY OF THE TE, MODE

1

The coupling efficiency of this mode was measured with twe
techniques: direct measurement with high power and indirectly with the
techniques of Cohn, Reference 9, at low power. Both measurements are
included in Figure 23a.

In Cohn's measurement, the following equations were used with
a reflecting plate terminating the surface waveguide:

N -
(rmax ]’(rmin 1)
" =" (7)
max min
where = P max = Maximum voltage standing wave ratio
"min = Minimum voltage standing wave ratio
n = Coupling efficiency

The frequency of operation was varied as a means of changing the electri-
cal length of the surface guide so that the voltage standing wave ratio
(vswr) would cycle through its maximum and minimum values. This was

11 Frost, A.D., McGeoch, C.R., ard Mingins, C.R., "The Excitation of Sur-

face Waveguideg and Radiating Slots by Strip-Circuit Transmission Lines,"

IRE Transactions on Microwave Theory and Technigues, October 1956.
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dona in lieu of varying the physical length of the line at a single
3 frequency, which is impractical with dielectric lines, requiring that
the dieleciric be suscessively, physically cut.

The vswr (rmax and rmin) was actually determined by measuring
minimum and maximum return 1osses and plotting these versus frequency, as
illustrated in Figure 23a. The maximum and minimum return losses are
then converted to maximum and minimum vswr with the following equation:

R
-1 L4172
_1+ [ 1t [og 15

1-1r

(8)

R
1 - {109_] T%J]/Z

where: r = VSwr
r = Reffection coefficient
R

L= Return 1oss

The above procedure is valid provided that, when the surface guide is
terminated in a reflectionless load, there is no mismatch at the input
to the wave launcher. To insure this condition, the input vswr to the
launcher was measured as a function of frequency, with the line ter-
minated, and the data is plotted in Figure 23b, where it can be seen
that the mismatch is less than 1.05 over most of the frequency band and
no greater than 1.2. Actually, Equation 7 will give conservative
estimates of launching efficiency. The true coupling efriciency is
higher than given by Equation 7 and is given by Equation 9:

_ "measured

Ttrue T (9)

where Iy = reflection coefficient of the reflecting plate.

If the reflecting plate is totally reflecting, re = 1

Nepue = Mmeasured. If the reflecting piate is less than totally re-

flecting, which is very 1ikely in this case, Py < 1 and Nrue > "measured.
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T cannot be readily measured practically so that Neasured must be
considered only a lower bound, the true coupling efficiency being
somewhat higher.

Although outside the scope of this program a direct meas-
urement of the coupling efficiency was attempted to establish a rough
order of magnitude correlation of coupling efficiency. This measure-
ment was made possible by the availability of the high-power source
at 2.45 GHz and a water load consisting of 3 rectanguiar polyethylene
tubs placed end to end and terminating the waveguide, each containing
50 gms of water. The temperature rise of the water in each tub due
to the absorbtion of energy in the surface wave, which was applied
for 15 seconds, was measured. Data for an incident wave of 600 and
1200 watts is recorded below.

Pin = 600 watts Pin = 1200 watts
Tub [Water
Mass sT IPower Pr = Power | AT [Power Pr = Power
0 bsorbed Reflected o bsorbed |Reflected
gms C [Watts Watts C JWatts Watts
50 17.5 124417 36.1 [503.69
2 50 2.8 1 39.06 20 4.2 1 58.60 40
3 50 1.3 §18.13 3.5 | 48.83
Total Power Pa = 1301.3 611.12
Py = I51.9% 52.6%
Efficiency =s—— | . "
in r

This measurement is also considered conservative. Coupling efficiency
would be greater than measured because many sources of power loss
exist with this method.
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MEASUREMENT OF THE COUPLING EFFICIENCY OF THE TM0 MODE

The measured coupling efficiency for the TMO mode is presented
in Figure 24 as a function of frequency. Peak coupling efficiency,
achieved at 2,7 GHz, is about 66%. Measurements were made by measuring
the return loss, RL’ first with a termination on the surface guide and
then with a short circuit. The launcher used was a lossy, four-terminal
network with a one-way loss equal to one-half the measured return luss
when the surface guide is terminated in a short circuit. The coupling
efficiency in decibels is given by:

n=yR (1)

In order to achieve the measured coupling efficiency,
launcher reflections were reduced by using a coaxial double-slug tuner
while the surface guide was terminated with a reflectionless tapered
termination.
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SECTION 4
LOSS TANGENT OF ROTOR ICE

The loss properties of rotor ice (glaze, rime, and any other
form) are characterized electrically by their "loss tangent” (tan &),
for the purposes of establishing the effectiveness of the microwave ice
protection concept.* A knowledge of the loss tangent permits the pre-
diction of the performances of surface waveguide deicers in terms of
attenuation constant (power dissipation per unit iength of rotor blade),
total power requirements and time to shed through the use of analytical
techniques established in Reference 1.

As pointed out in Reference 1, the greatest unknown at the
present time is loss tangent of ice that would form on rotor blades.
Although the effects of various factors are not known, loss tangent
may vary over a wide range depending upon:

1) Environment

(a) Sea (salt content)
(bg Land
(c Altitude

2) Unfrozen or free water content

3) Microwave frequency

4) Liquid water content of the icing cloud
5) Droplet diameter

6) Ambient temperature

7) Rate of freezing

8) Ice crystal structure

9) Surface Cleanliness
10) Hydrocarbon content (engine exhaust)
11) Air Content of ice
12) Other impurities

* A definition of the loss tangent was presented in the feasibility
analysis, Reference 1, as being the ratio of the real to the imaginary
part of the compiex dielectric constant of the ice.
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There is a sufficient number of variables that the loss
tangent of rotor ice should be treated as & statistical variable and be
expressed by its median value; (median tan 6). For this reason, a wide
enough range of ice composition was chosen for testing here and in the
static ice shed tests, Section 1, to fully encompass the range of loss
tangents to be encountered in natural icing. The extreme values of salt
water ice and distilled water ice are assumed to be the worst conditions,
and the rationale for their choices was that if these samples could be
shed in the laboratory, then median values could be shed in a natural
icing environment.

It §s expected that the most significant variable of those
listed above is the "free water content of the ice", because the ice of
interest to helicopter deicirg is in the growth stage and there must
exist an ice-water interface during ice growth. (Reference 12)

The second most significant variable is expected to be sait
(NaC1) content. Salt water ice exhibits a cellular structure consisting
of evenly spaced ice cells, the salt being present in 1iquid inclusions
trapped between the cells (Reference 12).

It is generally accepted also that the loss tangent of pure
ice increases with frequency in the microwave band, and therefore, an
increase in mesian tan § of rotor ice is expected in going to higher
operating frequencies. This trend is evident in Figure 22 of
Reference 1.

LOSS TANGENT MEASUREMENTS

Using techniques described below, the values of loss tangent
for various samples of ice were measured and are presented in Table 2.

2 Lofgren, Gary and Weeks, W.F., "Effect of Growth Parameters on Sub-
structure Spacing in NaCl Ice Crystals", Journal of Glaciology, Vol. 8
No. 52, 1969.
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Because of the nature of rotor ice and variations in

| compusiticn with time and temperature, it would be difficult, if not
impossible, to simulate it in microwave test fixtures commonly used in
the microwave industry for the measurement of the loss tangent of
materials. A more mecaningful approach would be tc assess the effects
of simulated rotor ice on actual test surface waveguides under a
variety of icing environments.

This latter approach was taken in this effort and two
different measurement techniques were attempted. The first method,
based upon Reference 13, did not prove successful and was abandone..
This method relied on the perturbation of the resonant frequency
of a resonant surface waveguide by the introductiocn of the ice sample
on top of it. Pttempts to perform this experiment indicate that the
introduction of the ice sample into the resonant surface waveguide
coupled small amounts of energy to the surrounding environment as
well as dissipating energy in the sample. Since energy was lost in
the surrounding environment as well as in the ice, computations of
tan § of the ice based on losses yielded unreasonably high values
and this technique was abandoned as unreliable. The second method
described below proved more successful and yieldeu reasonable values
of tan & which are listed in Table 2.

Basically the measurement concept is simple. In the
feasibility analysis, Reference 1, analytical techniques had been
established that could predict the time required to raisze the temp-
erature of a given ice sample from ambient to 0°C, the loss tangent
could be computed by solving the equations for loss tangent in terms
of time needed to raise the temperature to 0’C. Mathematical details
are presented in Appendix B.

13 Rueggebert, Werner, "Determination of Complex Permittivity of

Arbitrarily Dimensioned Dielectric Modules at Microwave Frequencies”
IEEE Transactions on Microwave Theory & Techniques, Vol. MTT-19,
No. 6, pp. 517-521, June 1971.
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SECTION 5
ICE DETECTORS

The detection of the presence of ice on a surface waveguide
is possible because of the chanye in the reflection coefficient (or
return loss) of the short-circuited surface waveguide. Utilizing the
THO mode at 2.45 GHz at Tow power [surface waveguide length = 30 inches),
the following data was recorded:

Ice Thickness (in) Return Loss db r
0 -4.5 0.596
1/8 -6.0 0.501
1/4 -8.0 0.398

Observation of the reflected power during the high-power shed tests
indicated that reflected power would cycle drastically between min‘mum
and maximum values just p-ior to shedding. This was used thrcughout the
shed tests as an indication of imminent ice ch_Jdding.

It was alsc observed that when the surface waveguide was made
resonant, by intentionaily mismatching the input wave launch v, the
presence of small quantitiesr of ice would make significant changes in
the rescant frequency of the surface waveguide as illustrated in
measurements taken on the 1M0 and TE: mode surface waveguide, Figures
26 and 27.

e adeecE WY Akbeoid TN

These measurements can be formalized into microwave ice

Sl i ey %

detectors capable of measuring:

AL

« lce Presence

L PARS

- Ice Thickness
« Ice Accretion Rate

These detectors would be nonmechanical, have no movinae narts, and
conform to the con.our of the surface heing monitored. Readouts would
be essentially instanianeous. A more detailed description of the
technology of these detectors is presented in Appendix D.
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SECTION 6
PASSIVE COUNTERMEASURES ARD IMPACT ON COMPOSITE BLADES

It is shown in this section that the vulnerability of Army
helicopters due to possible enemy detection of microwave deicer leakage
radijation is negligible. The vulnerability due to detection by radar,
infrared and acoustic radiation is very high. The helicopter is a
radar, infrared and acoustic target 100% of the time, in all kinds of
weather and climate. Such equipment, presently in the enemy inventory
in large numbers, will not require special davelopment, has a high
utilization factor against ail kinds of airkorne weapons not just
helicopters, has a long range detection capability, is highly sophis-
ticated, yields a high probability of detection and kill.

By comparison, specialized reconnaissance equipment developed
to detect microwave deicer leakage radiatior, not now in existence,
would be utilized only a small fraction of the time during weather
conditions conducive to ice formation and then only against helicopters.
Even if this equipment were developed and deployed by the enemy,
calculations (see below) show that it would have a range of no more
tnan about 7 miles when 1iquid water content of the cloud was 1 gm/m
but drops to less than about 3 miles when the liquid waterr content of
the icing cloud is 2 gm/m3. The enemy would then have to procure this
equipment in sufficient quantity to deploy at least one unit to every
5 square miles of battle area and be prepared to maintain it over
long periods of non-use, summer, and winter when there is 1o po-sibil-
ity of ice formation.

Additionally as shown below, the use of microwave deicer on
heliccpters wili permit the reduction in vulnerability to enemy radar
by reduction in rotor blade radar cross-section. This reduction in
radar vulnerability far outweighs the negligible increase in vulner-
ability due to leakage radiation.
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At ranges of about 5 miles probability of detection by the
unaided ear, radar, infrared and visual sighting is far greater than
the probability of detection of deicer leakage radiation. The Tow
countermeasure pay-off of equipment dcsigned specifically to detect
microwave deicer leakage radiation when compared to the high pay-off of
radar, infrared ¢+d acoustics makes it extremely unlikely that such
countermeasure equ pment will appear in the enemy inventory.

RADAR REFLECTIVITY

The use of composite rotor blades offers reduced radar
reflectivity because they are constructed without any (or a minimum of)
metallic components. This advantage is lost, however, if conventional
rctor blade deicers arc required that incorporate metallic wires or mesh
just below the surface of the leading edge. The microwave deicer offers
the possibility of constructing rotor blade deicer> compietely out of
nonmetallic materials that will not deteriorate the radar reflectivity
of composite blades.

Techniques for accomplishing this were briefly discussed in
the feasibility analysis, Reference 1. The experimental emphasis in the
present program was placed primarily on demonstrating the microwave ice
protection concept and experimental devices utilized metallic ground
planes representing the metallic rotor blade. However, the ground plane
is not basic to the propagation of surtface waves: these waves can propa-
gate in dielectric slabs, and the microwave ice protection concept,
verified in this program, can be readily extended to dielectric-slab
waveguides. The general theory of surface waveguides (including
dielectric slabs) was presented in Reference 1.

Figure 28 shows how the power density varies in the
dielectric slabs and the surface waveguide used in our experiments. The
significant thing is that the dielectric slabs, Figure 28b, require
twice the thickness of dielectric as required by the surface waveguide,
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Figure 28a. For TE] modes, this an be reduced to one-third by the use
of higher dielectric constant materials, such as alumina, ¢ = 9, Figure
28c and d. More significant perhans is that, if the dielectric thick-
ness becomes the limiting consideration, the TM0 mode may be resorted
te which offer thinner dielectrics at perhaps some penalty in shedding
performance. Here also, as illustrated in Figure 29, the use of higher
dielectric constant materijals will also reduce the slab thickness
significantly.

DITECTABILITY

Specific Attenuation Effects of Atmospheric Constituants

The principal attenuating medium in the atmosphere for the
microwave region is:

1) Gaseous media (oxygen and water vapor)
2) Rainfall

3) Mater cloud

4) Frozen phases of water

The effects of the gaseous media (oxygen and water vapor) were discussed
in the feasibility analysis, Reference 1. Attenuation peaks around

the 22-GHz absorption line of water molecules. Water vapor absorption
exceeds molecular oxygen absorption. A graph of attenuation due to
oxygen and water vapor was presented in the feasibility analysis,

Figure 71, Reference 1,

Additional protection is provided by attenuation due to the
liquid water content of the icing cloud. Clouds containing high liquid
water content, superccoled water or rain (not discussed in Reference 1)
produces the highest level of microwave attenuation. Clouds containing
high levels of supercooled 1iquid water content are the primary cause
of rotor blade icing and therefore it is expected that any leakage
radiation of the microwave deicer will be heavily attenuated. Values
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of attenuation constant due to liquid water content may be established
from the following measurements at 18°C made by Gunn and East,
Reference 14 and Medhurst, Reference 15 for rajntall.

Frequency (GHz) Attenuation Constant a,. (db/km)
9.35 0.0074 R -3
16.7 0.045 R!-14
24.2 0.12 r}-08
33.3 0.22 r!-0

The attenuation constant is represented in general form by:

R .
@, = aR (12)

where a and b are constants which can be obtained from the above table
and R is the rain rate in mm/hr. The Tiquid water content (LWC) is
related to the rain rate R by the foll